A laminated structure of Cr-Cu coating was produced by electroplating on a carbon steel substrate. Two baths of chromium and copper electrolyte solutions were prepared to respectively deposit Cr and Cu as the first and second layer. The Cr was plated using the same plating time of 60 minutes, whereas Cu was deposit using plating time of 1 hour, 1.5 hours, 2 hours, 3 hours and 3.5 hours. The effect of plating time on the thickness, hardness and specific wear rate of the Cu surface was investigated. The formed phase, thickness, hardness and specific wear rate of the Cu surface were observed using XRD, optical microscope, Vickers microhardness tester and Ogoshi wear rate tester, respectively. The results show that Cu was formed on the surface. An increase of the Cu plating time increased the thickness and the specific wear rate of the Cu surface, but reduced the hardness of Cu surface. Cu layer was observed denser than that of Cr. This study showed that the use of Cu can be a potential candidate to laminate Cr for use in corrosive environment.
INTRODUCTION
Hard chromium coatings have long been considered as the most used electrodeposited coatings in several industrial applications such as in petro chemistry, oil and gas industries. This is due to the advantageous properties of chromium coatings such as high hardness, low coefficient of friction, high wear and corrosion resistance [1, 2] . The use of components applying chromium coatings for long storage, as long as million years, in nuclear fuel container, however, requires a property enhancement for corrosion barrier.
In recent years, the use of copper as an exterior coating for corrosion barrier has been considered by several researchers in nuclear waste management [3] . Corrosion may occur by a range of mechanisms such as by localized stress generating cracking, microbial influenced, radiation induced and even atmospheric corrosions. Copper is a well proven corrosion resistance and antimicrobial material which can be used in such corrosive environment. The use of copper as coating can offer a good protection for a touch surface for very long time since it possesses good mechanical properties like scratch resistance and microhardness [4] . Under a maximum shearing stress, a scratch can develop into void or deep crack which subsequently cause a spalling of the coating parts. These damages are unacceptable for component used in corrosive environment since it can lead to the degradation of the mechanical properties of the base metal [5] . Copper is a soft metal which has attracted many attentions for use as under or upper layer of the hard chromium coatings.
Laminating the structures of chromium coating by copper has attracted many attentions because such structures can be used to modify the surface properties [2] . The concept of a ISSN: 1411-4348 chromium-copper coating is very attractive and its development is required to ensure that the process is technologically feasible and meets the requirements of the safety case. It is therefore necessary to conduct extensive experimental works of the coatings to withstand relevant environmental conditions for long periods of time. The objective of this work was to investigate the electroplating process of a laminated structure of Cr-Cu layer on a carbon steel substrate. The effect of plating times on the thickness, hardness and specific wear rate of the product were observed.
EXPERIMENTAL PROCEDURE
The substrate used in the present work was obtained by cutting a long bar of carbon steel ST 40 into a sample with diameter of 16 mm and 3 mm thickness. Preparation stages were carried out prior to electroplating process using grinding by silica papers, polishing and cleaning in an ultrasonic cleaner. Two baths of chrome and copper electrolyte solutions were prepared to deposit Cr and Cu layers, as used in our previous works [6, 7] . The chrome layer was firstly deposited on the steel following by the copper which was subsequently plated as the upper layer. The electrolyte solution used for plating chrome contains chromic acid 250 g/l, sulphuric acid 2.5 g/l, and kalium cyanide KC-15 10 g/l, whereas the electrolyte solution used for copper plating was copper sulphate (20 g/l CuSO 4 ) and aquadest. The plating time of Cr layer were kept constant at 60 minutes, whereas the plating time of copper was varied using 1 hour, 1.5 hours, 2 hours, 3 hours and 3.5 hours.
The identification of the phase formation on the surface of the electroplated products was observed by XRD. The measurement of the thickness of each layer was carried out after the samples were polished using standard metallographic techniques. The cross sectional appearance of the products was recorded using an optical microscope. The hardness measurement of the surface plating, conducted on the Cu surface, was measured using a Vickers microhardness tester (type TTS unlimited HWMMT-X7) with diamond pyramid (136°) using a load of 50 gf and penetration time of 10 second. The mean hardness, its standard deviation and standard error were recorded to the 5 times measurements in arbitrary positions on the Cu surface. The wear test was carried out using Ogoshi high speed universal wear testing machine with a gear ratio of 70/40, a load of 3.18 kg, revolving disc thickness of 3 mm and revolving time of 30 seconds. Figure 1 shows the XRD pattern scanned on the top surface of the sample. Some observed peaks of the XRD pattern show that only Cu phase was formed on the surface of the sample. There was no Cr phase which can be identified. This indicates that the two steps of electroplating process of Cr and Cu have generated a laminated structure of Cr-Cu instead of a chrome-copper alloy. The sharp peaks detected on the XRD pattern should indicate that the Cu has a crystalline structure. Figure 2 shows the cross sectional feature obtained by optical microscopes. The figure gives clear evident on the composition of the laminated structure of Cr-Cu and their thicknesses. The steel substrate was in grey colour, the chromium layer was in black one, and the copper located at the upper layer was in bright colour. Since the experimental work was carried out to produce a laminated structure of Cr-Cu with different plating time of Cu deposition, their thickness was varied. Figure 3 shows the thickness of Cr and Cu, where Cr layer in all samples was deposited using 60 minutes, whereas the Cu layer in the sample 1,2,3,4 and 5 was deposited using different plating times of 1 hour, 1.5 hours, 2 hours, 3 hours and 3.5 hours. The result shows that the thickness of chromium layer which was deposited using the same plating time of 60 minutes was almost the same in the range of 36.7 to 44.7 µm. A little discrepancy of the Cr thickness might be caused by uncertainty of the measurement location due to the unevenness layer produced by electroplating. Whereas, the thickness of Cu layer measured on five samples with different plating times indicates that an increase of Cu plating time has linearly increased the thickness of Cu from 48.1 to 74.3 µm. Comparing the morphology of the Cr and Cu layer observed from the figure, it can be shown that Cu layer is much denser than that of Cr. The use of a dense structure for the corrosive environment is much acceptable since the layer can halt the infiltration of gas from its atmosphere. Figure 4 shows the microhardness of the Cu deposit with respect to the plating times. The result shows that the mean hardness of the plated Cu decreased significantly from 126.13 to 58.40 HV as the increase of the plating time from 1 to 3.5 hours. The increase of the plating time from 1 to 1.5 hours has sharply decreased the hardness of Cu surface from 126.13 to 87.40 HV. However, the hardness of Cu surface stayed in a plateau with an increase of plating time from 2 to 3 hours. Further increase of the plating time reduced the hardness of Cu. The decrease of the Cu hardness indicates that the internal stress in the Cu layers gets lower. Since the measurement of the hardness was conducted on the surface, the decrease of Cu hardness was also attributed to the reduced influence of the chrome hardness which located below the Cu layer. In all samples, the hardness of Cu layer was much lower than that of the chrome layer, where the chrome hardness obtained by our previous study was 181.1 HV in average. This indicates that the internal stress in the Cu plating is lower than that of the Cr layer. A decrease of an internal stress is benefit to avoid the possibility of crack generation resulting in a better corrosion resistance during its long operation. 
RESULTS AND DISCUSSION
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CONCLUSIONS
A laminated structure of Cr-Cu was successfully deposited using electroplating process with the same plating time of Cr and different plating times of Cu. The formation of Cu layer in the upper layer was confirmed by XRD test. The micrograph observed on the cross sectional area of the samples showed that an increase in the Cu plating times increased the thickness of Cu layer. The thickness increase of Cu layer produced a decrease in the hardness and an increase of the specific wear rate of the Cu surface. A dense structure accompanied by a decrease of the Cu hardness offered good corrosion resistance coatings. 
